The effect of two different concentrations of L-glutamate and kainate on the gating kinetics of amino acid-sensitive non-NMDA channels were studied in cultured teleost retinal horizontal cells by single-channel recording and by noise analysis of whole-cell currents. When the glutamate agonist kainate was applied clearly parabolic mean-variance relations of whole-cell membrane currents (up to 3000 pA) indicated that this agonist was acting on one type of channels with a conductance of 5-10 pS. The cells were less sensitive when L-glutamate was used as the agonist and in most cases whole-cell currents amounted to less than 200 pA. The mean-variance relation of glutamate induced currents was complex, indicating that more than one type of channel opening could be involved. Power spectra of whole-cell currents were fitted with two 
INTRODUCTION
Horizontal cells are inhibitory second-order interneurons that mediate lateral interactions in the retina. Three types of cone-driven (H1-H3), and one type of rod-driven (H4) horizontal cells can be morphologically distinguished in the retina of the perch. The cone-driven ceils receive synaptic inputs from cone photoreceptors and from dopaminergic interplexiform cells. In isolated horizontal ceils exogenously applied dopamine enhances the sensitivity of glutamate receptors (Knapp & Dowling, 1987) by alteration of the channel kinetics (Knapp et al., 1990) . This effect appears to be mediated by cyclic AMPdependent protein phosphorylation, because in horizontal cells activation of dopamine receptors caused elevated cAMP-levels in isolated fractions of horizontal cells (Van Buskirk & Dowling, 1981) and the effect of dopamine is mimicked by intracellular dialysis with cAMP and analogs, or with the catalytic subunit of protein kinase A (Liman et al., 1989) . We have previously noted that the increase of the channel opening frequency is due to a dopamine-dependent abolition of the fast desensitization of glutamate receptors (Schmidt et al., 1994) . This desensitization of receptors is not observed when the glutamate analog kainate is used as an agonist (O'Dell & *Physiologisches lnstitut der Justus-Liebig-Universit~it, Aulweg 129, 35392 Giessen, Germany. ~f[Tel: +49 641 99 47255; Fax: +49 641 99 47239; Email: karl.f, schmidt@physiologie.med.uni-giessen.de].
Christensen, 1989). Here we have studied the consequences of the different concentration dependencies of activation and desensitization of glutamate-gated channels (Kruse & Schmidt, 1993) on single-channel behavior under steady-state conditions. This is especially interesting because photoreceptors release their transmitter, glutamate, at a constant rate in darkness and subsequently neurons therefore normally act under such equilibrium conditions.
METHODS

Cells
Horizontal cells in primary cell culture were obtained by mechanical dissociation of papain-digested retinas from the perch (Perca fluviatilis) or the white perch (Roccus americana). Cells were maintained in L-15 medium (GIBCO ®) at room temperature (20°C). Four different types of horizontal cells can be distinguished morphologically. All recordings were made from conedriven horizontal cells after 2-7 days in culture.
Whole-cell recordings
Fire-polished patch pipettes were filled with an aqueous medium containing potassium gluconate 72 mM, KF 48 mM, KC1 4 raM, CaC12 1 mM, EGTA llmM, Mg-ATP l mM, and HEPES 10mM, and adjusted to pH 7.5 with KOH. During experiments cells were superfused with a solution containing NaC1 145 mM, KCI 2.5 mM, CaCI2 2.5 mM, MgSO4 1 mM, 2023 (g, k) in the mean-variance parabola of (B). (B) Mean vs variance plots for agonist evoked whole-cell membrane currents. Every point represents mean--current and variance of a 512 msec current-trace recorded during the accumulation of kainate (©) or glutamate (D) in the bath. The variance of kainate-induced currents is a parabolic function of the mean current. Application of 100 #M/1 kainate opens channels with a probability >0.9. The mean-variance relationship for currents evoked by 1000 ,uM/l L-glutamate is neither parabolic nor linear and the open probability of channels is <0.3.
glucose 10 mM, and NaHCO3 20 mM, equilibrated with 5% CO2 (pH 7.6). The superfusate was switched during recording between the given extracellular solution and a similar solution containing the agonist (kainate or Lglutamate). In order to allow recording throughout accumulation and washout of agonist the exchange rate of solutions was adjusted to approx. 60 sec. Currents were low-pass filtered at 1 kHz with an 8-pole Bessel filter and digitized on-line at 2 kHz by PCLAMP ® software (Axon Instruments®).
Noise analysis
For mean vs variance analyses of whole-cell currents, records were divided into 128-msec segments whose mean current (/) and variance (s 2) were calculated. Leastsquares parabolic fits were used to derive estimates of single-channel properties according to the relations (Sigworth, 1980 ) (2) where N is the number of channels, i is the amplitude of a single channel and p is the open probability of a channel. According to these equations, variance of the current is a parabolic function of mean current if the number of channels and the conductance of single channels remain constant while the open probability varies.
Power density spectra were calculated by the maximum entropy method (Press et al., 1988) using 20 poles for 512 msec-segments of steady-state currents. Background current fluctuations contributed less then 10% of the spectral power between 2 and 500 Hz in the presence of agonist and were not corrected for. Multiple Lorentzian functions were fitted to the average of 30 spectra by a nonlinear least-squares algorithm (Levenberg-Marquardt).
Recording of single-channel currents
Unitary events were recorded from cell-attached patches with fire-polished pipettes that were coated with Sylgard. The pipettes contained 150mM/1 CsCI (to suppress potassium channels) and 10 mM/1 HEPES (pH 7.5). L-glutamate (20 or 1000/~M/1) was added. The extracellular solution contained 140 mM/1 potassium gluconate, 20mM/1 MgC12, 10mM/1 EGTA and 10 mM/l HEPES (pH 7.5) and was chosen to maintain the cellular membrane potential near 0 mV. Currents were filtered at 2 kHz and stored on videotape following 44.1 kHz pulse-code modulation, and subsequently digitized at 5 kHz; quantitative analysis was conducted using PCLAMP-software (Axon Instruments®).
1985) concentrations of 1 mM glutamate produced maximal whole-cell currents of not more than 300 pA corresponding to an open-probability below 0.3. This inability of glutamate to produce larger currents may be related to a rapid receptor desensitization to this agonist that does not occur with kainate (Schmidt et al., 1994) .
The mean-variance relationship in this case was neither parabolic nor linear, instead a complex behavior with an increased variance at maximum currents was observed [ Fig. (1B) ]. This complex mean-variance relationship was observed during onset and offset of the response without delay. So it is likely that this effect may depend directly on the glutamate concentration without involving an intracellular messenger system. When kainate and glutamate were sequentially applied to a horizontal cell, the initial slope of the mean-variance relation was identical [ Fig. I(B) ].
One possible explanation for the complex behavior of the mean current-variance relationship in experiments with high glutamate levels is that these two types of channel openings represent different conductance levels of one channel. We assume that a high dose of glutamate is required for complete opening of the channel. Calculation of the mean-variance relation for the current
RESULTS
Mean-variance relation of whole-cell currents
Horizontal cells were voltage clamped at -50 mV and slowly superfused with the agonists. The superfusion was completed within 60 sec. Inward membrane currents that were accompanied by changes in membrane current noise were recorded during this procedure [ Fig. I(A) ]. When kainate was used maximum currents of up to 2000 pA were recorded. The variance (s z) of the current noise was clearly a parabolic function of the mean current I [ Fig.  I (B]), indicating that a single population of channels is activated by this substance. The parameters of the parabolas in 24 experiments were 0.37pA (SD ,,,0.12 pA) for the single-channel current, i, indicating a single-channel conductance of 7.4 pS, and 6800 (SD ___ 3300) for the number of channels, N. When the steadystate concentration of kainate was 10 #M/1 the variance of the current fluctuation was close to its peak and the open probability p was about 0.5 (estimated from parabolic fits to the data). At a steady-state concentration of 100 #M/I the variance was close to the control value and the open probability was close to 1.
The horizontal cells were less sensitive to glutamate, the putative transmitter of photoreceptors, than to kainate. When data were collected as L-glutamate was slowly added within 60 sec to the extracellular solution up to a concentration of 1000/~M/1, a linear meanvariance relationship was obtained, indicating that glutamate opens the channels with a small probability. From these data a current amplitude of 0.37 pA (SD ,,,0.11 pA, n = 6) and a single-channel conductance of 7.4 pS was calculated.
As has been observed previously (Ishida & Neyton, obtained with a L-glutamate dose of 1 mM/1 yielded an amplitude of 0.58 4-0.18 pA (n =10) and a conductance of 11.6 _ 3.6 pS for the single events. This estimate is justified under the assumption that only one conductance level is activated. A fast desensitization of glutamategated channels which is complete within a few milliseconds has been previously described (Schmidt et al., 1994) . This fast desensitization of glutamate receptors is not observed when the agonist is slowly applied within 60 sec and the membrane current is recorded under equilibrium conditions, as in the experiments described here.
A second possible explanation for our observation of a complex mean-variance relationship is the existence of two types of glutamate sensitive channels in which one channel has a lower conductance and is sensitive to both agonists, but is blocked by higher glutamate concentrations, while the other one has a higher single-channel conductance and is activated only at higher glutamate levels and not by kainate. Because there is no evidence for such a second channel type this hypothesis seems unlikely. Whole-cell membrane currents elicited by 100 #M/1 kainate were reduced by 50% or more when 1000 #M/1 L-glutamate was also applied. If kainate and L- glutamate were to activate different populations of channels, one would expect an enhanced membrane current when a second agonist is additionally applied. This result, therefore, suggests that L-glutamate and kainate act on the same population of channels (Ishida & Neyton, 1985; Kruse & Schmidt, 1993) .
Power spectra of whole-cell currents
Power spectra of steady-state currents at glutamate concentrations of 100 and 1000 #M/I were calculated [ Fig. 2(A) ]. The spectra were well described by the sum of two Lorentzians in both cases• The cut-off frequencies indicated time constants close to 1 and 6 msec for the lower glutamate concentration and 1 and 16 msec for the higher glutamate concentration. With 1000 #M/1 glutamate in the bath the relative amplitude of the slow component increased significantly as has previously been reported for goldfish horizontal cells (Murase et al., 1987) . Again these two categories of channel openings could be either transitions of the same channel or could belong to two different populations of channels. Power spectra of kainate-induced currents were also well fit by the sum of two Lorentzians with time constants near 1 and 9 msec, similar to those described above. Significant changes in cut-off frequencies or in the relation of slow and fast components depending on dose of agonist were not observed with kainate.
Power spectra calculated for steady-state currents elicited at kainate concentrations of 10 and 100/~M/1 [ Fig. 2(B) ] could be fitted with single Lorentzians. The cut-off frequencies indicated time constants close to 1 msec for both kainate concentrations•
Recording of single-channel currents
Two different types of unitary inward currents could be observed in cell-attached patches. Channel activity was not seen without agonist in the recording pipette• Channel openings were identified as excursions beyond a fixed threshold of 4 pS (approximately four times the standard deviation of the baseline noise)• The first type of ion current was obtained when the concentration of agonist in the pipette was kainate (2-100 pM/1) or glutamate at low concentrations (20-50 #M/l). More than 90% of the unitary events had amplitudes of 5-10 pS although larger events (12-20 pS) occurred with lower frequency [ Fig.  3(A) ]. The number of channels present in a patch could not be determined, because different conductance levels cannot be distinguished from superpositions of independent channels. Mean channel open times calculated from single exponential fits of measurable open durations were 0.93 ___ 0.27 msec (mean 4-SD, n = 16) when kainate was used (Fig. 4) . When the agonist was glutamate, channel open times were significantly (P < 0.01) shorter (0.68 + 0.18 msec, n = 8) . While the open time of the channels was independent of the agonist concentration, the frequency of openings responded strongly to the agonist concentration, as indicated by the closed time duration [ Fig. 3(A) ]. The interval between openings decreased with higher doses of agonist.
A second type of unitary inward current similar to that described for white bass horizontal cells (Lasater, 1990) was observed only when the pipette filling solution contained glutamate in higher doses [1 mM/l, Fig. 3(B) ]. Amplitudes of single-channel openings, larger than those from the first channel type, were between 12 and 20 pS and the mean open time was considerably longer [6.5 _+ 2.1 msec, n = 6; Fig. 3(B) ]. These data would match the parameter for a second type of unitary event that one would expect from mean-variance and power spectra analysis for steady state currents elicited by 1 raM/1 glutamate as described above• This conductance state was found less frequently than the fast type and was obtained only in 10-20% of the patches examined• No channel openings of the first type with smaller con-ductance levels were observed when 1 mM/1 glutamate was applied. The larger current amplitude of the second conductance state and its longer mean open time is balanced by an extended closed time, and the whole-cell membrane current is almost constant for glutamate concentrations ranging from 100 to 1000 #M/1.
DISCUSSION
It has been shown that two categories of elementary inward currents, both gated by non-NMDA agonists, may exist in horizontal cells of the white perch retina (see also Lasater, 1990 ). The occurrence of these different types of unitary events was dependent on the type and concentration of the agonist. The clearly parabolic mean-variance relations that were calculated for the kainate-induced currents indicate that kainate is mainly acting on one category of channels with a conductance of 5-7 pS and a brief open duration of approx. 1 ms. Despite the difficulties in resolving these parameters for short unitary events, the estimates for single-channel recordings were close to those derived from analysis of whole-cell currents and to those reported for other preparations of horizontal cells from fish retinas (Ishida & Neyton, 1985; Murase et al., 1987; Lasater, 1990) . Taken together, the calculations for single-channel currents and whole-cell currents pointed out that mean open times and conductances of the fast category of channels varied little over the range of kainate concentrations used. The open probability of these channels is therefore regulated mainly by the frequency of channel openings rather than by the mean open time.
In contrast to the results with kainate, even millimolar concentrations of glutamate open the channels with low probability. The inability of glutamate to produce larger currents may be related to a rapid desensitization that does not occur with kainate (Schmidt et al., 1994) . As observed for horizontal cells of the goldfish retina (Murase et al., 1987 ) the mean-current variance relation was complex when glutamate was used as an agonist. With low doses of glutamate only the initial slope of a parabolic function was obtained, while at higher doses an increase in variance without increase in mean current occurred. A possible explanation for this complex behavior is the existence of different conductance states of the glutamate-gated channel. The existence of two types of unitary event would also explain the appearance of two Lorentzians in the power spectra of glutamateinduced current noise. This second, slower type of unitary event was obtained in cell-attached patches recorded following addition of 1 mM/1 glutamate. The properties of this conductance state would match the predictions that were made by analysis of whole-cell currents.
Another question which is not definitively answered is, whether or not kainate and glutamate act on the same population of channels or on two different populations of channels. When both agonists were sequentially applied to the same cell, mean-variance relations of whole-cell currents always showed an identical initial slope (Fig. 1) . This result suggests that the two agonists may act on an identical population of channels, because it is unlikely that one cell always contains two populations of channels with identical numbers and conductances.
